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Summary. Streptomycin-resistant colonies were isolated 
from protoplast cultures of haploid Nicotiana plumbagi- 
nifolia based on their ability to green in medium contain- 
ing 1 mg/ml streptomycin sulfate. The frequency of resis- 
tant colonies was 0.9 x 10 -5 in nonmutagenized culture, 
and increased ten-fold following treatment of culture 
with 10~tg/ml N-methyl-N'-nitro-N-nitrosoguanidine. 
Of a total of 52 resistant clones isolated, 2 gave rise to 
haploid, 15 to diploid, and 3 to tetraploid plants upon 
transfer of  calli to differentiation medium. Leaf-segment 
and protoplast assays showed that all diploid regenerates 
were resistant to streptomycin but sensitive to chloram- 
phenicol, kanamycin, lincomycin, neomycin, and specti- 
nomycin. Plants in most diploid clones were fertile and 
able to set seeds when self-fertilized and crossed recip- 
rocally to wild-type plants. Inheritance of streptomycin 
resistance was studied in the diploid clones and, without 
exception, the resistance was transmitted maternally. 
Comparative studies of  the ultrastructure of organelles 
and protein synthesis in isolated chloroplasts between 
wild-type and resistant clones in the presence of strepto- 
mycin suggest that streptomycin resistance is controlled 
by chloroplasts. 
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Introduction 

In higher plants, maternally inherited streptomycin- 
resistant mutants were first isolated from callus cultures 
of Nicotiana tabacum (Maliga et al. 1973, 1975; Umiel 

and Goldner 1976; Umiel 1979). Subsequent experiments 
in protoplast fusion have demonstrated that the resis- 
tance is controlled by chloroplasts (Menczel et al. 1981; 
Fluhr et al. 1983). Recently, more antibiotic-resistant 
mutants, including those resistant to streptomycin, linco- 
mycin, spectinomycin, or chloramphenicol, were isolated 
from N. tabacum following treatment of seeds with N- 
nitroso-N-methylurea (Fluhr et al. 1985). Thus, abun- 
dant antibiotic-resistant mutants are now available in N. 
tabacum, providing useful markers for study of chloro- 
plast genetics. 

In contrast to the situation in N. tabacum, only linco- 
mycin resistance (Csrpl6 and Maliga 1982, 1984) and 
triazine resistance (Csrpl6 et al. 1985) have been avail- 
able as selectable chloroplast markers in N. plumbaginifo- 
lia. Since N. plumbaginifolia has been extensively used for 
investigation of chloroplast genetics and transfer (Csrpl6 
et al. 1984; Medgyesy et al. 1985; Menczel et al. 1986), it 
is desirable that more plastome mutants be isolated from 
this species. In this paper, we report (1) a simple and 
efficient method for the isolation of streptomycin- 
resistant mutants from protoplast cultures of  N. plumba- 
ginifolia, and (2) morphological, cytological, biochemi- 
cal, and genetic characteristics of these mutants. 

Materials and methods 

Plant material 

Haploid plantlets of Nicotiana plumbaginifolia Viviani (2n = 20) 
obtained from anther culture (Chen et al. 1985) were used. The 
plantlets were propagated by culturing lateral buds in a medium 
containing MS salts (Murashige and Skoog 1962), 1% sucrose, 
and 0.8% agar. The cultures were kept at 25~ under 16-h 
illumination with cool white fluorescent light of approximately 
2000 Ix. 
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Protoplast isolation and culture 

The upper 2 - 3  fully expanded leaves of in vitro grown plantlets 
were used as the source of protoplasts. The methods for proto- 
plast isolation and culture have been described elsewhere 
(Huang and Chen 1988). 

Isolation of streptomycin-resistant plants 

Freshly isolated protoplasts were suspended at a density of 
105/ml in medium B (Huang and Chen 1988). After 2 days of 
culture in the dark at 25 ~ protoplast-derived cells were treated 
with 10 Ixg/ml N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) 
in the culture medium for 45 min, washed, and resuspended in 
the same medium. About 7 -10  days after the mutagenic treat- 
ment, protoplast-derived colonies were plated at a density of 
2 • 102/ml in medium C (Huang and Chen 1988) supplemented 
with 1 g/l casein hydrolysate, 0.5 g/1 yeast extract, and 1 mg/ml 
streptomycin sulfate. The cultures were kept at 25 ~ in the dark 
for 1 week and then placed under 16-h illumination of 2000 Ix. 
Calli capable of greening were isolated and transferred onto 
medium D (Huang and Chen 1988) supplemented with 1 mg/ml 
streptomycin sulfate. Calli maintaining green on this medium 
were transferred for plant regeneration according to the method 
described by Huang and Chen (1988). 

Leaf-segment assay for antibiotic resistance 

The leaf blade was cut into small segments. The leaf segments 
were placed on a medium containing MS salts, 100 mg/1 inositol, 
1 mg/1 thiamine-HCl, 0.5 mg/1 ~-naphthaleneacetic acid, 0.5 mg/1 
6-benzylaminopurine, 3% sucrose, 0.8% agar, and one of the 
following antibiotics (Sigma): 500 Ixg/ml streptomycin sulfate, 
50 lag/ml chloramphenicol, 50 Ixg/ml kanamycin monosulfate, 
500 ~tg/ml lincomycin hydrochloride, 200 lag/ml neomycin sul- 
fate, or 200 Ixg/ml spectinomycin dihydrochloride. The cultures 
were kept at 25 ~ under 16-h illumination. Formation of green 
calli and/or shoots from the leaf segments was an indication of 
resistance. 

Protoplast assay for streptomycin resistance 

Protoplasts were isolated and cultured as described for isolation 
of streptomycin-resistant colonies. Formation of green colonies 
in the presence of streptomycin was indicative of resistance of 
the source plants. 

Chromosome number determination 

Roots were collected from plantlets grown in culture medium. 
They were treated with 0.002 M 8-hydroxyquinoline at 
18 ~ 20 ~ for 3 h, fixed in ethanol-glacial acetic acid (3 : 1) over- 
night, stained by the Feulgen method, and then treated with 5% 
pectinase for t h. In the preparation of slides for chromosome 
counts, root tips were squashed in a drop of 45% acetic acid. 

Estimation of pollen fertility 

Anthers containing mature pollen grains were squashed in a 
drop of aceto-carmine. Only those grains which were plump and 
took up the stain were counted as viable. For each plant, more 
than 2000 pollen grains from two flowers were counted. 

Seedling assay for streptomycin res&tance 

Seeds were sterilized in 1% sodium hypochlorite for 20 min and 
washed thoroughly with sterile distilled water. They were then 
germinated on a medium containing MS salts, 3% sucrose, 

0.6% agar, and 1 5 mg/ml streptomycin sulfate. The cultures 
were incubated at 25 ~ under 16-h illumination. Seedlings with 
green cotyledons were considered to be resistant while those 
with white cotyledons were sensitive. 

Electron microscopy 

Leaf calli which had been cultured for 4 weeks on medium D in 
the presence of 500 p.g/ml streptomycin sulfate were fixed for 3 h 
at 4 ~ in 2.5 % glutaldehyde in 0.1 M phosphate buffer contain- 
ing 5% sucrose (pH 7.0). After fixation, the samples were 
washed twice in the same buffer, treated with 1% osmium tetro- 
xide for 2 h, and washed again in the buffer. The samples were 
dehydrated in a graded ethanol series, infiltrated, and embedded 
in Spurr's resin (Spurr 1969). Sections were stained with lead 
citrate and examined in a Hitachi H-600 transmission electron 
microscope. 

Protein synthesis in &olated chloroplasts 

Chloroplasts were isolated from young leaves according to the 
procedure of Fish and Jagendorf (1982). Aliquots of 26 ~tl of the 
chloroplasts (13-  26 I-tg chlorophyll) were added to 78 ktl of reac- 
tion buffer containing 35 mM Hepes-KOH (pH 8.3), 350 m M  
sorbitol, 300 I-tM MgC12, 19 amino acids mixture (minus me- 
thionine) at 200 ~tM each, and 1.1 mM dithiothreitol; 13 ~tl of 
[35S]methionine (200~tCi, 1000~tCi/mmol; Amersham); and 
13 txl of various concentrations of streptomycin sulfate. The 
chloroplast suspension was incubated for I h at 25 ~ with illu- 
mination (3000 lx) and shaking (100 rpm). Aliquots of 10 Ixl of 
the suspension were removed for detection of  radioactivity using 
a Beckman LS1801 Scintillation Counter. 

Results 

St rep tomyc in  at 1 m g / m l  s lowed d o w n  cell d ivis ion and  

suppressed greening o f  wi ld- type (sensitive) colonies.  Co-  

lonies capable  o f  greening and sustained g rowth  in the 
presence o f  s t rep tomycin  were isolated and t ransfer red  

again  to m e d i u m  conta in ing  the antibiot ic .  Those  main-  

ta in ing green after  one subcul ture  were cons idered  to be 

resistant.  The  frequencies  o f  s t rep tomycin- res i s tan t  
clones in cont ro l  and mutagen ized  cultures are shown in 

Table  1. Trea tment  o f  p ro top las t -der ived  cells wi th  
M N N G  resulted in a ten-fold increase in the f requency  o f  
resistant  clones. 

All 4 clones isolated f rom con t ro l  cul ture  and  16 ou t  

o f  48 f rom mutagen ized  cul ture  p roduced  plants  u p o n  

Table 1. Frequencies of streptomycin-resistant clones in proto- 
plast cultures of haploid N. plumbaginifolia 

Muta- No. of No. of Frequency 
genic colonies resistant of resistant 
treat- screened clones clones 
ment 

Designation 

None 4.6 x 105 4 0.9 • 10-s SR0001-SR0004 
M N N G  5.0x 105 48 9.6• 10 -5 SR1001-SR1048 



Table 2. Plant regeneration of streptomycin-resistant clones 
and ploidy levels of regenerated plants 

Mutagenic No. of No. of Ploidy levels of 
treatment c lones  c l o n e s  regenerated plants 

tested produced 
plants n 2n 3n 4n 

None 4 4 2 2 0 0 
MNNG 48 16 0 13 0 3 
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transfer to medium without auxin. Plants regenerated 
from each clone had the same number of chromosomes. 
The distribution of chromosome numbers of plants in the 
20 clones is shown in Table 2. All clones were euploids, 
with diploids being predominant and haploids and poly- 
ploids relatively infrequent. 

Tests of leaf segments on medium containing various 
antibiotics showed that all diploid regenerates were resis- 
tant to streptomycin (Fig. I a) but sensitive to chloram- 
phenicol, kanamycin, lincomycin, neomycin, and specti- 
nomycin. The streptomycin resistance was also con- 
firmed by plating protoplast-derived colonies of a few 
representative plants in medium containing the antibiotic 
(Fig. 1 b). 

The diploid regenerates were transplanted to pots 
and rasied to maturity. The color of the corolla of resis- 
tant plants was usually darker than that of wild type. 
Clones SR1012 and SR1021 had malformed flowers with 
short and twisted corolla. They also showed low pollen 
fertility and set seeds poorly when self-fertilized or 
crossed as male parent to wild-type plants. Clones 
SR1022 and SR1025 also contained low viable pollen, 
but like all other clones, they had normal flowers and 
were able to set seeds when self-fertilized and crossed 
reciprocally to wild-type plants. The percentages of pol- 
len fertility of the 15 clones are listed in Table 3. Pollen 
fertility of wild-type plants was 86%. 

Inheritance of streptomycin resistance of the diploid 
clones was investigated by germinating self-fertilized and 
F 1 seeds on medium containing 1 mg/ml streptomycin 
sulfate. The mode of inheritance of clones SR1012 and 
SR1021 was not clear because they were male sterile. 
However, seed set was possible when these clones were 
used as female parents, and all seedlings from the crosses 
showed streptomycin resistance. For all other clones, the 
resistant trait was transmitted only through the female 
parent (Fig. 1 c; Table 3). 

The level of streptomycin resistance of the diploid 
clones was tested by germinating self-fertilized seeds or 
seeds from the cross of streptomycin-resistant ~ x wild- 
type ~ in the presence of 1 -5  mg/ml streptomycin sul- 
fate. Two classes of resistance were observed. The two 
clones isolated from control culture were resistant to 

Fig. l a-c. Tests for streptomycin resistance, a Leaf-segment 
assay. Leaf segments from wild-type plants become bleached 
(left), whereas those from streptomycin-resistant clone SR1009 
form green calli and shoots (right) in the presence of 500 lxg/ml 
streptomycin sulfate, b Protoplast assay. Protoplast-derived 
colonies from wild type are bleached and unable to grow (left), 
whereas those from resistant clone SRI009 form green calli 
(right) in the presence of 1 mg/ml streptomycin sulfate, e See- 
dling assay. The cotyledons of seedlings from wild type~ 
x SR1009 ~ are white (left), whereas those from SR1009 ~ x wild 
type ~ are green (right) in the presence of 1 mg/ml streptomycin 
sulfate 

streptomycin at 2 mg/ml, whereas those from mutage- 
nized culture were resistant to 5 mg/ml. 

On medium with 500 gg/ml streptomycin sulfate, cal- 
lus tissues derived from the leaves of wild-type plants 
became bleached, whereas those from resistant clones 
maintained green. Ultrastructurally, plastids in the 
bleached tissues showed abnormal external shape and 
contained no grana, but only rudimentary thylakoids 
and vesicules (Fig. 2a). The changes in mitochondria 
were less conspicious. By contrast, chloroplasts and 
mitochondria in the green tissues of the resistant clones 
appeared quite normal. The grana in the chloroplasts 
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Table 3. Inheritance and pollen fertility of the diploid streptomycin-resistant clones of N. plumbaginifolia 

Resistant clones No. of resistant and sensitive seedlings ~ 

SR~ x wt~' wt~ • SRc~ SR selfed 

R S R S R S 

Pollen 
fertility 
(%) 

SR0002 79 0 0 
SR0004 41 0 0 
SR1007 135 0 0 
SR1009 114 0 0 
SRI012 117 0 - 
SR1018 109 0 0 
SR1019 115 0 0 
SRI020 63 0 0 
SR1021 98 0 - 
SR1022 106 0 0 
SR1025 127 0 0 
SR1036 145 0 0 
SR1037 88 0 1 
SR1043 167 0 0 
SR1046 162 0 0 

67 217 0 83 
84 274 1 85 

219 97 0 59 
135 72 0 83 

- - - 9 

46 154 0 44 
139 146 0 64 
109 91 0 86 

- - - 15 
87 100 0 14 

109 112 0 22 
144 282 0 37 
341 144 0 51 

72 80 0 76 
235 78 0 82 

Seeds germinated on medium containing 1 mg/ml streptomycin sulfate 

Fig. 2 a and b. Electron micrographs showing chloroplasts and 
mitochondria in leaf callus of wild-type a and streptomycin- 
resistant clone SR1009 b cultured on medium with 500 ~tg/ml 
streptomycin sulfate. C - chloroplast; M - mitochondrion; N - 
nucleus; P - proplastid; W cell wall. • 25,000 

Table 4. Inhibition of streptomycin on protein synthesis in iso- 
lated chloroplasts 

Streptomycin 
concentration 
(p.g/ml) 

Relative incorporation of 
[3sS] methionine (% of control) 

wild type SR1009 SR1019 

0 1003 100 a 100 ~ 
25 24 77 101 
50 20 68 97 

100 18 60 94 
150 17 38 73 
200 15 35 58 

a In the absence of streptomycin, the incorporation for wild 
type, SR1009, and SR1019 is 1.35x107, 1.50• and 
1.42 • l 0  7 cpm/mg chlorophyll, respectively 

were well-defined and consis ted o f  up to ten thy lakoids  

(Fig. 2 b). 
Chlorop las t s  were isolated f rom the wild- type and 

two s t rep tomycin- res is tan t  clones, S R I 0 0 9  and  SRI019 ,  
and  the rate  o f  i nco rpora t ion  o f  [3SS]methionine into  

newly synthesized prote ins  was compared .  Vir tual ly  no 

i nco rpo ra t i on  was detected when  the exper iment  was 
conduc ted  in the dark  (data  no t  shown).  Table 4 shows 
the relat ive i nco rpo ra t i on  o f  [35S]methionine after  l - h  
incuba t ion  o f  chloroplas ts  under  light. Whi le  in wild- 

type chloroplas ts  pro te in  synthesis was reduced to 24% 
of  the cont ro l  by 25 pg/ml  s t rep tomycin  sulfate,  an  
equiva len t  inhibi t ion was no t  ob ta ined  in ch loroplas t s  
f rom the resistant  clones, even though  the concen t r a t ion  
o f  the ant ib iot ic  was increased eight-fold.  
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Discussion 

The successful isolation of maternally inherited 
streptomycin-resistant mutants from protoplast cultures 
of N. plumbaginifolia may be attributed to two distinct 
features in the selection scheme. Firstly, application of 
selection pressure at an early stage of culture (9-12 days 
after culture initiation) provides a better opportunity for 
segregation and multiplication of the resistant organelles 
in dividing cells. In this regard, it is interesting to note 
that the resistant plants obtained in this study were 
homoplasmic, whereas those isolated by other methods 
often contained a mixed population of resistant and sen- 
sitive organelles (Cs6pl6 and Maliga 1984; Fluhr et al. 
1985). Secondly, addition of casein hydrolysate and yeast 
extract to the selective medium, which was originally 
designed to support the growth of auxotrophs (Sidorov 
et al. 1981), promotes greening of resistant colonies, thus 
enabling them to be recognized more easily among the 
bleached sensitive colonies. 

Streptomycin resistance has also been shown to be 
the result of a recessive mutation in the nucleus (Sager 
1954; Maliga 1981). In the present study, although ha- 
ploid protoplasts were initially employed and about 90% 
protoplast-derived cells remained as haploids at the time 
of mutagenic treatment (Huang and Chen 1988; Chen 
et al. 1988), only cytoplasmic-resistant mutations were 
isolated. One possible explanation for failure of obtain- 
ing nuclear mutations is that the concentration of strep- 
tomycin (1 mg/ml) in the selective medium may not be 
suitable for selection of such mutations. In Chlamydo- 
monas, it has been shown that nuclear mutations usually 
exhibit a lower level of resistance to streptomycin com- 
pared with chloroplast mutations (Sager 1954; Lee et al. 
1973). Another possibility is that the samples used may 
not be large enough for screening nuclear mutations. 
Because of the polyploid nature of  the chloroplast and 
mitochondrial genomes, it is expected that mutation 
would occur more frequently in the organelles than in the 
nucleus. In addition, it has been shown in Chlamydo- 
monas that streptomycin is mutagenic for chloroplast 
DNA but not for nuclear DNA (Sager 1962). 

The frequency of streptomycin-resistant colonies 
(0.9 x 10 -5) in nonmutagenized culture is considerably 
higher than the spontaneous streptomycin-resistant co- 
lonies (i x 10 -6) in protoplast culture of Onobrychis 
viciifolia (Hamill etal.  1986), but lower than the 
lincomycin-resistant colonies (1 x 10-*) in protoplast 
culture of N. plumbaginifolia (Cs~pl8 and Maliga 1984). 
Treatment of  culture with 10 gg/ml M N N G  resulted in a 
ten-fold increase in the frequency of streptomycin- 
resistant colonies, which is comparable to the increase of 
lincomycin-resistant colonies induced by N-nitroso-N- 
ethylurea (Cs~pl6 and Maliga 1984). Another effect of 
M N N G  is a reduction in morphogenetic potential of 

callus (Table 2). However, the clones isolated from muta- 
genized culture showed a higher level of resistance to 
streptomycin compared with those from nonmutage- 
nized culture. Mutations conferring resistance to differ- 
ent levels of streptomycin have also been found in N. 
tabacum (Fluhr et al. 1985) and O. viciifolia (Hamill 
et al. 1986). 

Electron microscopic observations show that strepto- 
mycin affects chloroplast development in wild-type cells 
but does not appear to do so in the resistant mutants. A 
similar conclusions has been reached in N. tabacum (Ma- 
liga et al. 1975; Zamski and Umiel 1978) and O. viciifolia 
(Hamill et al. 1986). The effects of streptomycin on mito- 
chondria have been rather controversial (Maliga et al. 
1975; Zamski and Umiel 1978). In the present study, no 
conspicuous differences were observed between mito- 
chondria of the wild type and those of the resistant mu- 
tants in the presence of 500 p.g/ml streptomycin sulfate. 

Further evidence linking streptomycin with the chlo- 
roplast was obtained from experiments of in organello 
protein synthesis. Our results show that protein synthesis 
in the assay system is light-dependent, indicating that it 
occurs in the chloroplasts and is not due to contamina- 
tion of 80S cytoplasmic ribosomes. Thus, the resistance 
of mutant chloroplasts to streptomycin may be attribut- 
ed to either an alteration of chloroplast ribosomes, which 
affects binding of the antibiotic, or to a change in chloro- 
plast membrane proteins, which reduces uptake of the 
antibiotic. 

The cross-resistance experiments show that the 
streptomycin-resistant mutants are sensitive to other 
aminoglycoside antibiotics such as kanamycin, neomy- 
cin, and spectinomycin. Similar results have also been 
obtained in one streptomycin-resistant line of N. sylves- 
tris (Dix 1981). The reason(s) for this is not understood. 
However, it has been found in E. coli that each of the 
antibiotics mentioned above has a specific binding site in 
the 16S ribosomal RNA (Moazed and Noller 1987). We 
speculate that the streptomycin-resistant mutants ob- 
tained in this study may result from a change in the 
chloroplast 16S rRNA gene and that, as in E. coli, the 
binding site of streptomycin in 16S rRNA may be differ- 
ent from those of other aminoglycoside antibiotics. This 
speculation is consistent with the recent findings that 
streptomycin resistance in a number of eukaryotes in- 
cluding N. tabacum is caused by a single point mutation 
in the chloroplast 16S rRNA gene (Montandon et al. 
1985; Harris et al. 1987; Etzold et al. 1987). 
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